Cell separation by counterflow centrifugal elutriation has been described for the preparation of monocytes for vaccine applications, but its use in other current good manufacturing practice (cGMP) operations has been limited. In this study, growth factor-mobilized peripheral blood progenitor cell products were collected from healthy donors and processed by elutriation using a commercial cell washing device. Fractions were collected for each product as per the manufacturer's instructions or using a modified protocol developed in our laboratory. Each fraction was analyzed for cell count, viability, and blood cell differential. Our data demonstrate that, using standard elutriation procedures, >99% of red blood cells and platelets were removed from apheresis products with high recoveries of total white blood cells and enrichment of CD34؉ cells in two of five fractions. With modification of the basic protocol, we were able to collect all of the CD34؉ cells in a single fraction. The CD34-enriched fractions were formulated, labeled with a ferromagnetic antibody to CD34, washed using the Elutra device, and transferred directly to a magnetic bead selection device for further purification. CD34؉ cell purities from the column were extremely high (98.7 ؎ 0.9%), and yields were typical for the device (55.7 ؎ 12.3%). The processes were highly automated and closed from receipt of the apheresis product through formulation of target-enriched cell fractions. Thus, elutriation is a feasible method for the initial manipulations associated with primary blood cell therapy products and supports cGMP and current good tissue practice-compliant cell processing. STEM CELLS TRANSLATIONAL MEDICINE 2012;1:422-429 
INTRODUCTION
Hematopoietic stem and progenitor cells (HSPCs) have been widely used to provide long-lasting hematopoietic reconstitution following ablative therapy for cancer [1] [2] [3] [4] [5] [6] [7] [8] and in gene therapy applications [9 -15] . However, the inherent plasticity in CD34 differentiation and apparent paracrine effects on necrotic or ischemic tissue has generated significant nonhomologous application of this important cell source. Specifically, the clinical utility of CD34ϩ cells in critical limb ischemia [16 -18] , chronic liver disease [19] , and postinfarct myocardial recovery [20 -23] has been widely evaluated. With such expanded use of CD34ϩ cells for cellular therapy, the isolation and enrichment of these cells is of great interest to investigators for both research and clinical therapeutic development.
The most readily available source of CD34ϩ human HSPCs is granulocyte-colony stimulating factor (G-CSF)-mobilized peripheral blood, which is collected as an apheresis product, hematopoietic progenitor cell apheresis (HPC-A). HPC-A products typically contain 10 -50 ϫ 10 9 white blood cells and more than 50 ϫ 10 10 platelets and red blood cells. Platelets and red blood cells must be removed from these products prior to subsequent manipulations designed to enrich for target cell populations (e.g., CD34-cell enrichment). Additionally, the HPC-A product must be buffer-exchanged and incubated with antibodycoated magnetic beads (or fluorochrome-conjugated antibodies), then washed again to remove nonbound antibody, and formulated in the specified amount and type of buffer for cell enrichment over a magnetic cell selection device or fluorescence-activated cell sorter. Typically, washing and formulation procedures are performed manually using repeated cycles of centrifugation followed by removal of supernatant with a plasma extractor and dilution in buffered saline. This procedure is time-consuming, laborintensive, and subject to operator-related variability. Moreover, the manipulations required to keep the system closed (repeated tubing welds to buffer bags, removal for centrifugation, and then rewelding for next buffer/wash) increase the potential for contamination or leakage of the product. Thus, we determined that a more robust system for processing HPC-A products was warranted in support of our good manufacturing practice and manufacturing operations.
Since it was first introduced in the 1970s [24 -28] , counterflow centrifugal elutriation (CCE) has been used extensively in research applications to separate cell products on the basis of size and density. More recently, a clinical elutriation device has been developed (Elutra; GambroBCT, Lakewood, CO, http:// www.caridianbct.com) and has been successfully used to isolate monocytes from peripheral blood apheresis products for vaccine applications [29 -36] and lymphocytes for adoptive immunotherapy [37] . During elutriation, platelets and red blood cells are efficiently separated from white blood cells with monocytes highly enriched in a single fraction. On the basis of these results, we began an evaluation for the use of the Elutra system as a general tool for preparation of HPC-A products for downstream processing. Our results support the implementation of this automated approach for HSPC isolation in most cell-processing laboratories.
MATERIALS AND METHODS

Starting Material
HPC-A products were obtained from AllCells LLC (Emeryville, CA, http://www.allcells.com), Key Biologics LLC (Memphis, TN, http://www.keybiologics.com), or Progenitor Cell Therapy LLC (Mountain View, CA, http://www.pctcelltherapy.com). HPC-A products were collected from healthy adults following 3-4 days of G-CSF (5-10 g/kg/day) mobilization and processed within 24 hours of collection. Informed consent was obtained for each donor by individual vendors according to vendor-specific protocols and institutional review board review.
Cell Counts
White blood cell (WBC), red blood cell (RBC), and platelet counts were obtained using an AcT 5diff CP Hematology Analyzer (Beckman Coulter, Brea, CA, http://www.beckmancoulter.com) according to the manufacturer's protocol. Cell viability was determined using the Guava Viacount Assay (Guava Technologies, Hayward, CA, http://www.guavatechnologies.com) in accordance with the manufacturer's recommendations.
Elutriation
The disposable Elutra tubing set is presterilized and is a functionally closed system that provides a means to individually connect blood, buffer, waste, and final product bags to a spinning cell separation chamber. Each Elutra set can process up to 400 ml of starting product, provided that cell count does not exceed 3 ϫ 10 10 WBCs or 7.5 ml of RBCs. Elutra protocol 1 is the standard manufacturer's protocol that separates cells into five fractions and is intended for enrichment of monocytes in fraction 5. Fraction 1 is collected using a pump speed of 37 ml/minute, 2,400 rpm. Fraction 2 is collected using a pump speed of 68 ml/minute, 2,400 rpm in approximately 975 ml. Fraction 3 is collected using a pump speed of 74 ml/minute, 2,400 rpm in 975 ml. Fraction 4 is collected using a pump speed of 103 ml/minute, 2,400 rpm in 975 ml. Fraction 5 is collected using a pump speed of 125 ml/ minute at 0 rpm in approximately 300 ml. Elutra protocol 2 was developed in our laboratory in collaboration with the manufacturer and elutriates cells into three fractions. Fraction 1 is collected using a pump speed of 60 ml/minute, 2,400 rpm in approximately 1,000 ml. Fraction 2 is collected using a pump speed of 25 ml/minute, 2,400 rpm in 450 ml. Fraction 3 is collected by stopping the rotor (0 rpm) and pumping at 5 ml/minute to a final volume of 50 -80 ml.
The Elutra was also used to wash the bead-labeled cells in conjunction with protocol 2. After bead labeling, the cell bag was reconnected to the original Elutra disposable set. Cells were transferred using a cell inlet flow rate of 10 ml/minute, 2,400 rpm using 200 ml of a CliniMACS (Miltenyi Biotec, Bergisch Gladbach, Germany, http://www.miltenyibiotec.com) ethylenediaminetetraacetic acid (EDTA) phosphate-buffered saline (PBS) ϩ 0.5% human serum albumin (HSA) buffer. An additional 500-ml buffer was used to wash the cells with a gradual increase in flow rate of 2 ml/minute every 2 minutes to a maximum of 25 ml/minute. Then, the cell inlet flow rate was set to 0 ml/minute and rotor speed adjusted to 2,000 rpm to sediment the cells. The cells were then transferred to the collection bag at 5 ml/minute. Once all cells were removed from the chamber and the outlet line, the debulk pump flow rate was set to 25 ml/minute and the medium pump flow rate to 30 ml/minute to clear the line of any residual cells. The cells were collected in a maximum volume of 120 ml for loading onto the CliniMACS device.
Bag Wash by Centrifugation
G-CSF-mobilized apheresis products were diluted with three volumes of CliniMACS buffer ϩ 0.5% HSA before magnetic labeling. Cells were pelleted by centrifugation at 200g, room temperature, acceleration 9, and deceleration 2 for 15 minutes. Samples for analysis were taken after an additional wash following CD34ϩ microbead labeling.
CD34؉ Selection
For CD34 enrichment, elutriated cells were pelleted and then resuspended in CliniMACS/EDTA PBS ϩ 0.5% HSA at a concentration of 6 ϫ 10 8 WBCs/ml. Human immunoglobulin (ZLB Behring, Berne, Switzerland, http://www.cslbehring.com) was added at a final concentration of 1.6 mg/ml to block nonspecific binding of antibody. CliniMACS CD34 MicroBeads (Miltenyi Biotec) were added using the ratio of 7.5 ml of beads per 6 ϫ 10 8 CD34ϩ cells and mixed well. The mixture was placed on an orbital shaker (25 rpm) and incubated for 30 minutes at room temperature. The labeled cell mixture was washed twice with 10 volumes of CliniMACS/EDTA PBS ϩ 0.5% HSA (pelleted by centrifugation) and resuspended to a cell concentration of Յ4 ϫ 10 8 cells per milliliter. Alternatively, magnetic bead-labeled cells were washed free of unbound magnetic beads by transfer to the Elutra as described above. Finally, the cells were rinsed in the debulk line at 25 ml/minute, 0 rpm in approximately 50 ml. Washed cells were selected on CliniMACS tubing set 150 using enrichment mode 3.2 according to the manufacturer's directions. Positively selected CD34ϩ cells were collected, and a sample was analyzed immediately. The remaining CD34-enriched cells were cryopreserved in CryoStor CS5 cell-freezing medium (BioLife Solutions, Inc., Bothell, WA, http://www. biolifesolutions.com) using a controlled rate freezer (Planer, Sunbury-on-Thames, U.K., http://www.planer.com) and stored in the vapor phase of liquid nitrogen.
Phenotypic Analysis
Antibodies used for phenotyping included CD34-PE (BD Biosciences, San Jose, CA, http://www.bdbiosciences.com ); CD3-APCAlexa 750, CD14-fluorescein isothiocyanate (FITC), CD19-APCAlexa 700, and CD56-PE-Texas Red (Invitrogen, Carlsbad, CA, http://www.invitrogen.com); and CD15-Alexa 647 (BioLegend, San Diego, http://www.biolegend.com). Background levels were determined with isotype-matched control antibodies, including mouse IgG1-Alexa 647 (AbD Serotec, Raleigh, NC, http://www. ab-direct.com), IgG1-APC-Alexa 700 (Invitrogen), IgG1-APCAlexa 750 (Beckman Coulter), and IgG1-FITC and IgG1-PE (BD Biosciences).
An aliquot from each stage of the isolation process was evaluated for expression of CD34, CD3, CD14, CD15, CD19, and CD56 via flow cytometry. Each sample (3 ϫ 10 5 cells) was incubated with the appropriate antibodies for 20 minutes on ice and washed three times with at least an equal volume of PBS (Irvine Scientific, Santa Ana, CA, http://www.irvinesci.com) containing 0.1% bovine serum albumin (BSA) (Sigma-Aldrich, St. Louis, http://www.sigmaaldrich.com). Flow cytometric data were collected on the Gallios cytometer (Beckman Coulter) and analyzed with FCS Express software (De Novo Software, Los Angeles, http://www.denovosoftware.com).
Mice
NOD.Cg-prkdc scid IL2rg tm1Wjl /SzJ (NSG) mice were originally obtained from Jackson Laboratory (Bar Harbor, ME, http://www. jax.org) and then bred at the Animal Resource Center at Beckman Research Institute. The 8 -10-week-old healthy NSG mice were irradiated with 300 cGy. After 24 hours, the mice received either 0 or 1 million CD34ϩ cells via tail vein injection. Sulfamethoxazole and trimethoprim water (1:50) (Hi-Tech Pharmacal Co. Inc., Amityville, NY, http://www.hitechpharm.com) were given to the mice on the day of irradiation and continuously thereafter. All experimentations with mice were performed under protocols approved by the Institutional Animal Care and Use Committee of City of Hope National Medical Center/Beckman Research Institute.
To measure the engraftment, mice were euthanized by CO 2 inhalation 8 weeks posttransplantation. Spleen and two femurs were collected and processed into single-cell suspensions. Cells were incubated with human IgG (ZLB Behring) and mouse IgG (BD Biosciences) for 20 minutes. Spleen cells were stained by anti-CD45-PC5 (BioLegend) to identify human white blood cells, anti-CD19-PE (Invitrogen) (human B cells), anti-CD4-ECD (Beckman Coulter), anti-CD8-PC7 (Invitrogen) (human T-cell subsets), and anti-CD14-APC-Alexa 750 (Invitrogen) antibodies (human monocytes) for 20 minutes and washed three times with an equal volume of PBS containing 0.1% BSA. Bone marrow cells were stained by anti-CD45-ECD (Beckman Coulter), anti-CD19-PE, anti-CD33-PC5 (BD Biosciences) (human myeloid precursors), anti-CD14-APC-Alexa 750, and anti-CD34-PC7 (Beckman Coulter) (human HSPC) antibodies for 20 minutes and washed three times with an equal volume of PBS containing 0.1% BSA. Single-color isotype controls were purchased from the same company from which the antibody was purchased, except PE isotype (BD Biosciences). Samples were analyzed by the Gallios cytometer and analyzed with FCS Express software.
Statistical Analysis
Analyses of the arithmetic mean for each group (average), distribution of values around the mean (SD), lowest value (minimum), and highest value (maximum) of cell fraction content were performed using GraphPad Prism software (LaJolla, CA, http:// www.graphpad.com) using standard methods. For statistical analysis of significance, conditions were compared using an unpaired, two-tailed t test. Samples with a p value Ͻ.05 were considered significantly different.
RESULTS
Elutriation Development
HPC-A products entering the laboratory were processed according to cell number and volume of RBCs, as outlined in Figure 1 . If the total number of WBCs in the product was Ͼ3 ϫ 10 10 or the total red-cell volume exceeded 7.5 ml, the product was split and run in two separate elutriation runs. This improved separation of cells in each run and improved our ability to resolve CD34ϩ cells into discrete fractions. In an effort to optimize the use of CCE for processing of mobilized peripheral blood products, two elutriation protocols were tested. Initially, we used a "vendor-developed" elutriation protocol designed to enrich monocytes from apheresis products by collecting five elutriation fractions (elutriation protocol 1). Subsequently, we made incremental modifications to the buffer flow rate in an attempt to improve CD34ϩ cell recovery and reduce the number of fractions collected from five to three (elutriation protocol 2).
We performed 10 elutriation runs on HPC-A from eight donors using elutriation protocol 1. An average of 4.26 ϫ 10 10 total WBCs (range, 2.48 -7.19) were collected per apheresis product and processed according to total cell number and RBC counts outlined in Figure 1 . An average of 2.75 ϫ 10 10 WBCs (range, 1.97-2.97) and Յ7.5 ml of RBCs were included in each processing run. Cells were loaded into the elutriation chamber and washed with Hanks' balanced salt solution (HBSS) (Lonza, Walkersville, MD, http://www.lonza.com) supplemented with 1% HSA (Grifols, Los Angeles, http://www.grifolsusa.com) at a flow rate of 37 ml/minute using a total volume of 900 ml. The supernatant from the load/wash step (F1) contained mostly platelets and red blood cells (Fig. 2A) . Fractions 2, 3, and 4 (F2-F4) were eluted from the chamber by increasing buffer flow rates to 68, 74, and 103 ml/minute, respectively, and collecting 975 ml per fraction. The remaining cells in the chamber were collected by stopping the centrifugation and setting the medium flow rate to 125 ml/minute for a total collection volume of 300 ml (F5). A three-part differential count revealed that fractions 2-5 contained virtually all of the WBCs in the sample. These fractions were analyzed for lymphoid, myeloid, and CD34ϩ cell content.
Our results indicate that small CD3ϩ or CD19ϩ lymphocytes (low mean forward light scatter) were contained mostly in F2 and F3 (Fig. 3A) , whereas larger lymphocytes (higher mean forward light scatter) and the majority of CD34ϩ cells (52.7 Ϯ 21.6%) elutriated into F4 but could also be found in F2 (three of eight tissues) and F5 (six of eight tissue) (13.8 Ϯ 17% and 18.9 Ϯ 13.8%, respectively). Fractions 1 and 3 did not contain significant numbers of CD34ϩ cells (0.7 Ϯ 1.8% and 3.2 Ϯ 5.3%, respectively). Fraction 5 contained a small percentage of CD15ϩ granulocytes and virtually all of the CD14ϩ monocytes. Prior to elutriation, there was an average of 210 ϫ 10 6 CD34ϩ cells (range, 92-284) in the apheresis sample. Using protocol 1 and by combining fractions 2-5, we collected an average of 160 ϫ 10 6 CD34ϩ cells (range, 84 -214) with an average of 80% recovery (range, 54%-96%) of the CD34ϩ cells in the starting product (Table 1) . We noted that CD34ϩ cells contained mostly in F2 were smaller than the CD34ϩ cells in F5 but did not evaluate the relationship between size and activity, as the distribution of cells in the two fractions was highly variable and we wished to capture all CD34ϩ in a single fraction. Cell viability was Ͼ85% in all fractions.
Modified elutriation settings were created (elutriation protocol 2) to deplete platelets, reduce cells similar in size to RBCs, and concentrate the WBCs (including all CD34ϩ cells) into a single fraction. The initial wash was conducted using a slightly increased flow rate (60 ml/minute vs. 37 ml/minute) followed by a line clearance at 25 ml/minute (F2), and then the rotor slowed to 2,000 rpm and all remaining cells were elutriated at 5 ml/minute to carefully control final volume. Five elutriation runs were performed on HPC-A from three donors using elutriation protocol 2. Prior to elutriation, there was an average of 319 ϫ 10 6 CD34ϩ cells (range, 83-804). After elutriation, we collected an average of 252 ϫ 10 6 CD34ϩ cells (range, 87-369), with an average 92% recovery (range, 75%-107%) of the CD34ϩ cells in the starting product using protocol 2 resulting in a single collected fraction (Table 1) .
We used protocol 2, rather than protocol 1, to remove platelets and erythrocytes and enrich for the target (CD34ϩ) leukocytes in a single fraction. Using this approach, Ͼ95% of platelets and RBCs were collected in fraction 1 along with approximately 20% of all leukocytes (Fig. 2B) . Because of the high RBC content of fraction 1, we were unable to perform phenotypic analysis of lineage distribution. Three-part differential analysis, however, revealed that fraction 1 contained an approximately equal distribution of lymphocytes and neutrophils, 57% and 41%, respectively. Virtually all of the CD34ϩ cells were contained within fraction 3, as determined by flow cytometric analysis (Fig. 3B) . The segregation of CD34Ϫ leukocytes in fraction 1 led to a modest fold increase in CD34ϩ cell frequency in fraction 3 (1.85 Ϯ 0.28). The enrichment of the frequency of CD34ϩ cells in a single fraction from HPC-A products starting with low CD34 contents (Ͻ0.5%) potentially improves the yield and purity of CD34ϩ cells during subsequent magnetic bead collection. In subsequent studies, protocol 2 was used prior to CD34ϩ enrichment by magnetic column purification.
Comparison of Elutriation to Bag Washing
Having established optimized elutriation conditions, we wished to determine the utility of elutriation compared with standard methods of cell washing (bag-wash). HPC-A products were elutriated as described above or washed with three volumes of HBSS, and cells were pelleted by centrifugation in the HPC-A collection bag. A plasma extractor was used to remove supernatant, and cells were resuspended in CliniMACS buffer with 0.5% HSA. Analysis of the final washed, pooled products demonstrated a significant reduction of the number of remaining platelets and red blood cells in the elutriated samples versus the bagwash samples (Fig. 4) . This resulted in products that formed fewer clumps and more solid pellets upon subsequent centrifugation.
In subsequent studies, we evaluated the performance of HPC-A products processed by elutriation or by traditional bag washing methods prior to CD34ϩ enrichment by magnetic column purification. We first compared the two elutriation protocols to determine whether there were differences in yield and purities of CD34ϩ cells between the two procedures. Prior to selection, there was an average of 283.3 ϫ 10 6 CD34ϩ cells (range, 77-869) in each washed HPC-A product. An average of 142.3 ϫ 10 6 CD34ϩ cells (range, 32-406) were obtained from the column for a 54.2% average yield (range, 41%-81%) through the CliniMACS selection process. The CD34ϩ cells had a purity of 99% (range, 97%-99%). No differences were seen in the purity or yield of CD34ϩ cells isolated using either protocol (Table 1) . We then compared the yields and purities of magnetically enriched CD34ϩ cells derived from bag-washed and elutriated HPC-A products. CD34ϩ cells isolated from the bag-washed product had an average purity of 96.8 Ϯ 2%, whereas CD34ϩ cells from elutriated products had a significantly higher average purity of 98.9 Ϯ 0.7% (p Ͻ .0053) (Fig. 5A ). CD34ϩ recovery was 48.7 Ϯ 12.6% in the bag-washed population and 54.2 Ϯ 11.7% in the elutriated population and was not significantly different (Fig. 5B) .
Engraftment with Enriched CD34؉ HSPCs
We wished to evaluate the potency of the CD34ϩ HSPCs processed using the revised elutriation method. Cohorts of 8-weekold NSG mice were irradiated with 300 cGy and then injected via the tail vein with either 5 ϫ 10 5 or 1 ϫ 10 6 CD34ϩ HSPCs or PBS. Eight and a half weeks after transplant, the mice were evaluated for the extent of human cell engraftment and lineage distribution. We observed engraftment of human (CD45ϩ) cells in the bone marrow and spleen of five of five mice transplanted with CD34ϩ HSPCs (average, 12.2; range, 2-36). An example of multilineage engraftment of blood, bone marrow, and spleen is Comparison of the average, SD, minimum, and maximum of the percentage of CD34ϩ recovery and purity for protocols 1 and 2 (n ϭ 8 and n ϭ 3, respectively). shown (Fig. 6) . The bone marrow contained predominantly CD19ϩ B cells with evidence of CD14ϩ monocytes as well as CD34ϩ/CD33Ϫ progenitors (Fig. 6A) . Conversely, the predominant population of cells in the spleen were CD14ϩ monocytes, but CD4ϩ and CD8ϩ T lymphocytes and CD19ϩ B cells were also present (Fig. 6B) . Taken together, these data demonstrate CD34ϩ cells isolated according to revised elutriation protocols retain multilineage in vivo engrafting capability with maintenance of the progenitor cell compartment in the bone marrow and thus retain the biological properties of hematopoietic stem cells required for blood replacement therapies.
DISCUSSION
The isolation of hematopoietic stem and progenitor cells from peripheral blood apheresis products (HPC-A) has become a common procedure for a steadily increasing number of applications. Many laboratories have been able to perform pilot studies using manual methods for washing and preparing products for downstream processing steps, such as CD34ϩ HSPC enrichment. However, the introduction of an automated process for upfront processing that allows for strictly defined standardized procedures with highly reproducible results would enhance outcomes and support larger scale clinical trials and commercial use of such procedures. We (and others) previously reported on the use of the Cytomate (Nexell, Irvine, CA) device to wash HPC-A products prior to downstream processing steps [38 -43] . Unfortunately, this device is no longer manufactured, and thus we sought an alternative for HPC-A processing. We wished to avoid processes and devices that involved open steps (pipetting), repeated procedures (centrifugation), and/or operator variability in bag processing (expressing plasma or buffer). The Elutra was identified as an ideal device, as it was made for processing blood products (a descendant of the Cobe Spectra [Terumo, Lakewood, CO, http://www.terumobct.com] series of blood devices) and had been successfully used for clinical manufacturing of dendritic cell products. Service and support of the device was provided by the manufacturer, who has a significant presence in the blood cellprocessing field. Therefore, we were likely to be able to obtain devices and disposables for the foreseeable future.
We have developed a series of standard operating procedures for counterflow centrifugal elutriation of HPC-A products using the Elutra along with disposable tubing and processing sets that eliminate the need for open manipulations. Minor modification to fluid flow rates and rotor speeds allowed us to identify conditions that result in the isolation of virtually all of the CD34ϩ HSPC in a single fraction. As a result, the HPC-A preparation process was shortened by 45-60 minutes, and we completely eliminated the need for centrifugation during product washing and formulation. This resulted in significant savings in terms of labor and capital equipment requirements. Moreover, increasing the frequency of CD34ϩ cells in the preselected product improves average yield and purity when CD34ϩ cell frequencies in the original HPC-A product are Ͻ0.5% (D.D., unpublished observation). Since we wished to determine cell yields and purities at full scale, we did not split products to compare the performance of each process on the same sample and evaluated products from 12 separate donors for the bag process and 13 for elutriation. When the HPC-A product did exceed the capacity of the processing chamber (3 ϫ 10 10 WBC), we processed with sequential elutriation runs to establish the feasibility of handling large products in this fashion. This latter issue may be readily addressed by using a larger capacity device, such as the K-Sep 400 elutriation device (KBI Biopharma Inc., Durham, NC, http://www. kbibiopharma.com).
After elutriation, we wished to further enrich for CD34ϩ cells by magnetic bead selection using the CliniMACS device. Typically, cells are labeled with magnetic beads in a blood bag, and then the unbound beads are removed through a series of buffer additions, centrifugation, and supernatant removal. At each step, cell bags are welded to buffer bags, filled with buffer, removed, centrifuged, and welded to a waste bag; the supernatant is removed using a plasma extractor; and the process is repeated. This series of manipulations is time-consuming, labor-intensive, and potentially susceptible to contamination from repeated tubing welding and removal steps required for the wash. Additionally, in some cases, the bags rupture during centrifugation, leading to product loss. In order to reduce the number of manipulations required to wash away the nonbound beads, we also used the Elutra to perform the postincubation wash steps in a single closed cycle with the same disposable set as was used to wash the initial product. This resulted in an equivalent yield of cells comparable to the bag wash method in considerably less time with fewer operator interventions. Subsequent magnetic purification of elutriated cells produced a population of CD34ϩ HSPCs with significantly high purity and greater reproducibility. This is a critical step, as higher purities of CD34ϩ cells means fewer T cells and a lower overall chance for graft-versus-host disease when these cells are used in allogeneic transplantation protocols.
The process has been conducted by several members of the laboratory staff with essentially equivalent results, suggesting that it is not operator-dependent. We have not observed any inherent loss of viability, defects, or reduction in hematopoietic potential following these procedures. However, in order to ensure that we had not adversely affected the cells or mistakenly eliminated a fraction of cells required for engraftment, we evaluated the in vivo hematopoietic potential of elutriated, CD34-selected HSPCs. Our results demonstrate that these cells are suitable for engraftment and are able to maintain the CD34ϩ bone marrow compartment for at least 8 weeks following transplant. This serves as a functional demonstration of maintenance of homologous activity of the cells and addresses regulatory requirements for the potency of such products.
CONCLUSION
Thus, although elutriation devices have been commercialized for monocyte enrichment, they are easily adapted to optimize the collection of CD34ϩ cells in a single fraction. The methods are robust and can be automated to eliminate variability from site to site. CD34ϩ HSPCs isolated by this process are routinely used in our laboratories for preclinical process development and clinical materials manufacturing and meet most (if not all) regulatory requirements for phase I/II clinical investigations.
